Magnetic and very low frequency electromagnetics (VLF) surveys at an Antique iron mine near Saales (France) revealed several large magnetic anomalies (of the order of a few hundred nT), strong electrical conductivity contrasts (10-1000 Ωm) and out-of-quadrant VLF phases (φ >90°). To define both the location and the vertical extent of the underground artefacts, we interpret our magnetic data with Euler deconvolution and a 2D wavelet transform that combines maps of the total field and its gradient. We also explain out-of-quadrant VLF phases using simple 3D EM forward modelling. A joint interpretation of magnetic, VLF and topography data enables us to locate iron-ore exploitation trenches, Antique iron furnaces and their surrounding slags at depths between 1 and 3 m, in good agreement with results obtained during a recent road construction.
INTRODUCTION
Near-surface geophysical techniques such as electrical methods (Mauriello et al. 1998) or ground-penetrating radar (Carcione 1996) are customarily used for non-destructive investigations of archaeological sites. The interpretation of geophysical data is often difficult in this context because of the weak response of the underground targets. It is certainly not the case, however, when investigating ancient ironmining sites: iron oxides are electrically conductive (down to 10 Ωm; Hesse et al. 1986 ) and show a high magnetic susceptibility (up to 0.5 SI), so that electromagnetic and magnetic methods are efficient in revealing underground features such as iron slags or furnaces.
Large-scale iron-ore exploitation was carried out in the Vosges massif (NE France) since the Antiquity (i.e. 500 BC; Mahé-Le Carlier 1997). Nowadays, near the town of Saales (Alsace, France), we can see slags and several km-long ore exploitation trenches, reminders of past iron-ore extraction activity. This locality is about 70 km west of Strasbourg in the central Vosges on a hydrothermalized fault separating Secondary sandstones and Primary metamorphosed sediments that show a high iron content (i.e. magnetite and hematite crystals).
Other evidence indicates iron-reduction activity in Saales: 1-metre-wide black circles containing slags (probably the bases of ancient furnaces) were discovered while new logging roads were being built. Also, during the construction of a holiday resort in 1963, an archaeologist observed "huge forge remnants whose shape and weight remind us of pieces of iron reduction furnaces" (Leypold 1996) .
Our archaeological knowledge of the site is based solely on surface observations of the remnants. To further define the location of the archaeological material, we undertook magnetic and electromagnetic surveys at two selected sites. We first introduce the interpretation techniques used in this paper and illustrate their application to data from one of the sites (Saales II). We follow with a discussion of the archaeological interpretations, based on the geophysical surveys for the two sites.
GEOPHYSICAL DATA AND INTERPRETATION TECHNIQUES
Based on their archaeological significance, two sites were prospected in detail within the iron-ore exploitation area; they are known as Saales II and Saales III (see locations in Fig. 1) . At each site, we performed magnetic, electromagnetic (VLF) and topographic surveys using mostly 1-metre spacing. The magnetic survey consisted of recording the total field at heights of 60 and 160 cm, which also yielded the vertical gradient, with proton precession sensors. The electromagnetic survey was carried out with a MT-VLF system composed of a 3-component magnetometer and a 2-metre-long electric dipole. Frequencies of 16.0 and 19.6 kHz gave the most consistent results. The topography was measured with an optical level.
We first consider the Saales II site whose topography is essentially flat, which makes for a more unequivocal illus- tration of the modelling techniques. It is located near a road where several 1-metre-diameter black circles containing iron slags were discovered. This magnetic survey was acquired with a 2-m spacing that samples satisfactorily the main magnetic anomaly (Fig. 2) . Figures 2(a) and 2(b) show the measured total field from the lower sensor and the vertical gradient. The VLF apparent resistivities and phases measured at 19.6 kHz (station GBZ) are shown in Figs 2(c) and 2(d). The data were first gridded with a nearest-neighbour scheme, then spline-interpolated with a step of 0.1 m. The small black crosses in the figures indicate the actual measurement points.
Our approach is to try first to interpret magnetic and VLF data independently. We apply two different inversion schemes to the magnetic data: Euler deconvolution and wavelet transform, to compare their respective contributions to near-surface anomaly characterization.
Magnetic data

Euler deconvolution
We applied Euler deconvolution to the vertical gradient data that were first upward-continued by 0.5 m. This deconvolution is aimed at obtaining depth estimates (Thompson 1982) ; we applied the technique in combination with upward-continuation as a low-pass filter in order to reduce its sensitivity to noise effects. To improve the horizontal resolution of the deconvolution, we decided to deconvolve the vertical gradient as suggested by Marson and Klingele (1993) for gravity data. This operation is allowed because any spatial derivative of a homogeneous function is also homogeneous and the Euler deconvolution is based upon a homogeneity approximation for potential fields (Blakely 1996) .
For our vertical gradient data, we found that a structural index of 3 gives the best solution clustering. As the structural index is one degree higher for gradients than for magnetic fields, it corresponds to a standard structural index of 2. The source is therefore equivalent to the top of a semi-infinite vertical 3D magnetic cylinder. We chose a tolerance threshold of 20 as suggested by Thompson (1982) .
The window size was adapted to fit each case. For Saales II, we chose a window size of 6.6 m, which is roughly half the size of the magnetic anomaly (Durrheim and Cooper 1998) . Figures 3(a) and 3(b) show respectively a top and a lateral view of the point-source locations. A single magnetic source of horizontal extent of about 4x8 m is identified at a depth of approximately 2-3 m. It is now recognized that this technique exhibits complex scattering geometries of source distributions that would need complementary statistics to be interpreted (Silva et al. 2001; Mikhailov et al. 2003) : nevertheless, in practical applications of Euler deconvolution, the distribution of point sources generally represents the upper surface of perturbing bodies (Marson and Klingele 1993; Durrheim and Cooper 1998) .
Analytic signal and wavelet transform
To avoid some of the drawbacks of the above-mentioned method, we also applied an alternative depth estimate technique that uses the wavelet transform. We refer to Sailhac et al. (2000) and Sailhac and Gibert (2003) and references therein, for detailed descriptions of the technique. Simply put, it consists of interpreting the magnetic anomaly by using scaling rules of its analytic signal, upward-continued at a series of altitudes.
Scaling rules are obtained, for instance, from a homogeneity property of the sources similar to that used in Euler deconvolution; analytic signals (combinations of horizontal and vertical derivatives) that make it possible to avoid the reduction to the pole; and upward-continuation, which is a filter that allows the parameter for noise reduction (altitude of upward-continuation) to be correlated with source parameters (depth and degree of homogeneity).
Usually, when computing analytic signals of magnetic data, both horizontal and vertical derivations are performed numerically from the total field anomaly data only (Nabighian 1974; Roest et al. 1992) . However, this numerical procedure is corrupted when using small data sets such as those obtained in our surveys. We can avoid this problem by computing instead the upward-continued analytic signals from upward-continued horizontal derivatives of the observed total field anomaly, together with the upward-continuation of the observed vertical gradients. Note that even if gradiometer results calculated from sensors separated by 1 m can be considered to be a poor approximation for targets at depths of 1-2 m, their upward-continuation of a few metres provides more reasonable approximations.
Let T(x,y) and ∇ z T(x,y) be the observed total field anomaly and the vertical gradient, respectively. When T is measured at level h 1 =0.6 m, ∇ z T is at level h 2 =1.1 m (calculated from the difference between T values at 0.6 m and at 1.6 m). We define the analytic signal A(x,y,a) at the ground-based altitude a by (1) where ∇ h T(x, y, a-h 1 ) and ∇ z T(x, y, a-h 2 ) are respectively the horizontal derivative upward-continued from altitude h 1 to altitude a, and the vertical derivative upward-continued from h 2 to a. We consider the wavelet coefficient W(x,y,a) at altitude a as W (x,y,a) =aA (x,y,a) . This expression refers to the modulus of wavelet coefficients calculated using the analytic wavelet of order 1 derived from the Poisson's semigroup kernel (see Sailhac and Gibert (2003) , who show in detail the theory for a number of different wavelets useful in the interpretation of potential field anomaly maps). The series of maps for various altitudes shows amplitudes depending on depth and shape of sources that can be used for interpretation. To first order, sources at depth z exhibit the following scaling behaviour:
where β is a shape factor that can be estimated on the basis of linear regressions of log-log plots of W(x,y,a)/a versus a+z (where z is the depth of the source below the ground , , W x y a a a z , surface). This corresponds to an Euler structural index N: β = -N-1 for a magnetic structural index N (see previous section), or β = -N-2 using Huang's definition for a structural index N, which is independent of the analysed field (Sailhac et al. 2000) . Figure 4 shows two maps of the wavelet coefficients W(x,y,a) at altitudes a = 1.6 m (Fig. 4a) and a = 3 m (Fig. 4b) ; both exhibit a maximum zone located around x = 6 m and y = 4 m, with a maximum value above 150 nT. The geometry of this maximum zone is similar to the source geometry, but it is also perturbed by the presence of magnetic remanence (Agarwal and Shaw 1996) , thus only its maximum is interpreted in the present study. From a series of maps at altitudes between 1.6 m and 5 m, the wavelet transform modulus maximum (Fig. 4c) normalized to the altitude W(x,y,a)/a (Fig. 4d ) is used to test several altitudes z for the magnetic sources (the fit of equation (2)). This results in a location at 3 m depth and a shape parameter β ≈ -3 that corresponds, as in Euler deconvolution, to the top of an semi-infinite vertical cylinder.
VLF data
At Saales II, we measured high apparent resistivities (ρ > 500 Ωm) combined with low phases (25°< ϕ <45°) and low apparent resistivities (10 Ωm< ρ < 100 Ωm) with very high phases even greater than 90°(45°< ϕ <125°) (see Figs 2c and 2d). The interpretation of VLF data becomes problematic because the phases greater than 90°are not consistent with the plane-wave approximation used in VLF in which phases are restricted to the first or third quadrants. We interpret these anomalous phases as being the effect of near-field (i.e. non-plane wave) contributions from secondary electric sources.
We have modelled this phenomenon assuming a secondary local near-field wave superimposed on the primary plane wave. The former can be generated by induction of the primary field in the highly conductive iron slags. We modelled the induction in slags by harmonic electric dipoles. Therefore, the complex impedance, which is based on a plane-wave approximation, becomes
where E o is the electric field induced by the local electric dipoles in the transmitter direction, H o is the magnetic field induced by the local electric dipoles perpendicular to the transmitter direction, E // is the electric field of the primary plane wave in the transmitter direction and H | _ is the magnetic field of the primary plane wave perpendicular to the transmitter direction.
These secondary fields can be calculated from first principles (e.g. Ward and Hohmann 1987) : knowing the spatial distribution of the electric current density J(x',y',z'), we can calculate, using the appropriate Green's function, its resulting vector potential A(x,y,z) from which we can deduce the secondary electric and magnetic fields. These fields are projected along the recording directions (parallel and perpendicular to the transmitter direction for the electric and magnetic fields, respectively) and added to the plane-wave fields (3), yielding the complex impedance and hence the apparent resistivity and phase of the model. We applied our modelling scheme to compute the electromagnetic response of a layer of harmonic electric dipoles, shown in Fig. 5 , located at a depth of 2 m in homogeneous flat ground. The resulting surface fields were used to calculate the apparent resistivities and phases that would be measured by a VLF system. The primary fields were computed assuming a homogeneous medium of constant electri- cal conductivity of 20 Ωm following Hesse et al. (1986) . Our modelling yielded phases greater than 90°(up to 105°) within a conductive zone (ρ a <50 Ωm) and low phases (<30°) associated with resistive zones (ρ a >500 Ωm up to 1400 Ωm). It clearly shows that while prospecting on highly conductive targets, local non-plane-wave induced EM fields sometimes can dominate the signal. It also stresses the importance of phases when interpreting MT-VLF data: an analysis based solely on the apparent-resistivity map would, in this case, be erroneous.
DISCUSSION AND ARCHAEOLOGICAL RESULTS
In this section, we first locate and characterize underground structures revealed by our geophysical prospecting and then interpret these results in terms of their archaeological significance. We assume that the shape of the magnetic vertical gradient gives the horizontal extent of the structures because this signal is very sensitive to the horizontal distribution of the magnetic anomalies. On the other hand, their depths are taken from the Euler deconvolution and wavelet-transform results, because these methods are well suited to depth determination. The interpretation of VLF data completes the information given by the magnetic data inversion. Figure 6 summarizes the results given by the interpretation of the different geophysical techniques. At the top are shown the analytic signal (map), the Euler deconvolution results (dots) and the outline of the VLF model (white lines). We first observe that the maximal analytic signal (red) coincides with the main Euler deconvolution cluster Model of (a) harmonic electric dipole layer at 1-metre depth (Saales II site), and the resulting surface maps of (b) apparent resistivity and (b) phase, at 19.6 kHz (dotted lines correspond to the prospected area). (green dots), therefore it shows a highly magnetic zone. On the other hand, the VLF modelling defines an electrically conductive body (white lines) surrounding this magnetic zone. We can interpret it as a large conductive body, not necessarily magnetic, that encloses a smaller highly magnetic body. However, the centre of the VLF model (inner white squares), corresponding to the most conductive zone (the strongest electric dipole moment, see Fig. 5a ), coincides with this highly magnetic zone indicating the presence of a both magnetic and conductive body. We interpret this as a furnace surrounded by less magnetic but conductive iron slags. The different iron contents within reduction remnants supports our observation that iron slags (Fe 2 O 3~ 10%; Mahé-Le Carlier 1997) are less magnetic than the furnace (Fe 2 O 3 60%; Mahé-Le Carlier 1997).
Saales II
We also show the vertical extent of the bodies obtained by our interpretation techniques. The VLF model exhibits a 2-m-thick conductive structure at 2-m depth (green structure) which is certainly a layer of iron slags. We also add a semi-infinite magnetic cylinder (N = 2) starting at a depth of 2-3 m from the Euler deconvolution result, which is interpreted as the iron furnace. This interpretation is also supported by the wavelet technique that gives the location at 3 m depth and a shape parameter β ≈ -3 (Fig. 4) .
This site is close to a large ore exploitation trench, about 500-m long, near furnace traces ( Fig. 1) and is on the only flat spot in the area. Hence we suggest the presence of a large iron-reduction furnace, topping at about 3-m depth, surrounded by outflowing slags.
We now consider the magnetic survey of the other site of the Saales iron mines, in order to characterize other objects of possible archaeological significance.
Saales III
The Saales III site is located approximately in the centre of the 500-m-long ancient exploitation trench (Fig. 1) . Here, a large number of slags were discovered: a small excavation showed that more than 40 cm of the topsoil consists mostly of slags. Magnetic prospecting was undertaken (Fig. 7(a) for the total field and Fig. 7(b) for the vertical gradient), but the VLF survey was unsuccessful because of the screening effect of the conductive slags (no significant lateral electric field variations were observed). The topography of the site is shown in Fig. 7(c) .
The detailed analysis of the magnetic data reveals a horseshoe-shaped organization of the magnetic anomalies (Fig. 7b) . The approximate depth of this body is 1 m according to the Euler deconvolution (Fig. 8) . Superimposing the anomaly over the topography (Fig. 7c) , we observe that the interior of the horseshoe is located on a small shelf near an ore exploitation trench. This observation plus the large number of iron slags found on the site leads us to the conclusion that the magnetic anomalies are iron slags surround- ing an ancient furnace. In this case, the low magnetic response of the furnace can be explained by the probable composition of its walls being sandstone or granite (the main lithologies in the Vosges), or that the furnace might have been emptied of its slags before being abandoned. We note that the maximal magnetic anomaly is orientated along the slope, reinforcing our hypothesis of flowing magnetic slags.
CONCLUSION
Magnetic and VLF prospecting of the Antique iron mine of Saales (France) detected several large magnetic and electrical conductivity anomalies. Modelling of these anomalies led to the identification of several magnetic bodies at depths between 1 and 3 m, as well as electrically conductive structures consistent with those obtained from magnetic data. Combining magnetic, electromagnetic and topographic data has enabled us to identify several ancient structures, characteristic of Antique iron exploitation, such as old iron ore exploitation trenches and reduction furnaces and their associated outflowing iron slags.
In this Antique iron exploitation context, we stress that observed VLF anomalies, where significant (i.e. where the upper surface is not too conductive unlike the Saales III site), are attributed to outflowing iron slags. Because of the small dimensions of the conductive anomaly area, a classical interpretation using apparent-resistivity values would be incorrect; it is necessary to apply 3D modelling to fit both apparent-resistivity and phase measurements. In contrast, magnetic anomalies are more likely to be caused by furnaces, and their causative source appears as the top of a vertical cylinder; thus furnaces can be characterized by using a technique such as the Euler deconvolution or the wavelet transform. However, when iron slags cover topsoil with a high density, as in the Saales III site, magnetic data can be more sensitive to them, making localization of the furnaces difficult.
